ABSTRACT: The aggregative response of seabirds to their prey has frequently been measured through their spatial coherence during ship board surveys. In this study, we investigate the aggregative response of murres Uria spp. to capelin Mallotus villosus in relation to yearly changes in capelin abundance and patchiness from a 9 yr data set collected in the Barents Sea. A recent analysis on the spatial distribution of capelin and murres in the Barents Sea reported a hierarchical patch structure, whereby small-scale patches were nested within patches at larger scales. In the present study we carry out similar analyses for each of the 9 years. During the 9 yr period, the estimated total biomass of capelin varied between 100 000 and 7 300 000 t. We identified 2 hierarchical levels of patchiness with characteristic scales of 200 to 300 km and 70 km respectively. We found close relationships between yearly variation in capelin abundance, capelin patchiness and the concordance between capelin and murres at both levels. The patchiness of capelin, as measured by the first-order spatial autocorrelation, increased with increasing capelin abundance at the large-scale level, and there was a similar tendency at the small-scale level. At the large-scale level, the spatial concordance between murres and capelin increased with both increasing capelin density and increasing capelin patchiness. At the small-scale level, the concordance between murres and capelin increased with increasing capelin patchiness. Our results suggest that increased prey patchiness and increased prey abundance enhance the possibility of murres finding satisfactory capelin concentrations. The reduction in prey patchiness with low prey abundance might force predators to switch to other prey items, and might therefore have a stabilizing effect on predator-prey interactions. 
INTRODUCTION
One important topic in the study of interactions between predators and prey is the aggregative response of predators to prey (Hassell & May 1973 , 1974 , Murdoch & Oaten 1975 . The aggregative response is a measure of the spatial and temporal overlap between concentrations of predators and their prey (Hassell & May 1974) and depends on several aspects of predator-prey interactions (Sih 1984) . First, it depends on the tendencies of predators to congregate at high prey densities and the tendency of prey to avoid areas with a high risk of predation. Secondly, it depends on the proportion of predators foraging on the specific prey item. Thus, the aggregative response of predators to prey is linked to the consumption of prey through the predator's search efficiency and switching between prey items. How these factors change as a function of abundance and spatial distribution of prey is important when elucidating the stability of predatorprey interactions (Murdoch & Oaten 1975) .
Over-exploitation and large-scale fluctuations in ocean climate can cause dramatic changes in the abundance of marine pelagic schooling fish populations (e.g. Hamre 1994 ), which are important prey for seabirds. Fluctuations in the abundance and availability of preferred prey in turn affect seabird abundance (Schreiber & Schreiber 1984 , Veit et al. 1996 , Montevecchi & Myers 1997 , demography (Aebischer et al. 1990 , Anker-Nilssen 1992 , Chastel et al. 1993 , Guinet et al. 1998 ) and activity and foraging strategies . The aggregative response of seabirds to their prey has frequently been measured by the spatial concordance between their densities during ship board surveys (reviewed in Hunt 1990 ). The results from these studies are highly variable. Some studies report weak or ephemeral correlations (Woodby 1984 , Obst 1985 , Heinemann et al. 1989 , Veit et al. 1993 , Decker & Hunt 1996 , Pakhomov & McQuaid 1996 , while others report strong correlations (Schneider & Piatt 1986 , Ryan & Cooper 1989 , Piatt 1990 , Fauchald et al. 2000 ). Yet, to our knowledge, no studies have so far explored how year-to-year variation in prey abundance and spatial distribution affects the aggregative response of seabirds to prey.
The variability in the observed correlation between seabirds and prey has been attributed to the effect of measurement scale (e.g. Russell et al. 1992 , Logerwell & Hargreaves 1996 . This is because the aggregative response depends on responses and counter responses at several different scales (Rose & Leggett 1990 , Russell et al. 1992 , Fauchald et al. 2000 . At the large scale, one would expect predators to occupy the same general areas as their prey, forming a positive concordance (e.g. Rose & Leggett 1990) . Accordingly, given that other prey items do not have the same spatial distribution, the large-scale concordance will mainly reflect the proportion of predators actually foraging on the specific prey item. At smaller scales, however, one can expect the concordance to be determined by the predators search efficiency relative to the escape abilities of prey (e.g. Sih 1984 , Rose & Leggett 1990 .
The spatial distribution of pelagic schooling fish and krill can be described as a complex hierarchical patch system, whereby patches at small scales are congregated within patches at larger scales, forming a nested hierarchy (Murphy et al. 1988 , Kotliar & Wiens 1990 , Rose & Leggett 1990 , Fauchald et al. 2000 . For example, Fauchald et al. (2000) described 3 levels of patchiness of murres Uria spp. and capelin Mallotus villosus in the Barents Sea. At a large scale, they found similar and overlapping patches of capelin and murres with a characteristic scale of more than 300 km. Within these large-scale patches they found similar and overlapping medium-scale patches with a characteristic scale of about 50 km. Finally, within the mediumscale patches they found similar but non-overlapping patches with a characteristic scale of a few kilometers. In a recent theoretical study on foraging in a hierarchical patch system, Fauchald (1999) found that the search efficiency of a predator might be highly influenced by the distribution and abundance of prey items. The main predictions from the model can be summarized as follows: (1) reduced prey abundance will reduce the information flow to the predator and consequently the ability of the predator to track the system; (2) a reduced difference in the density between patches at different hierarchical levels reduces the possibilities of being able to discriminate between them, and hence reduces the predator's ability to track the system. In other words, a well-structured patch system with high prey abundance will greatly enhance the predator's search efficiency.
In this study we explore the effects of year-to-year changes in capelin abundance and spatial pattern on the aggregative response of murres in the Barents Sea. Observations were made during the spawning migration of capelin (late January to early March) each year from 1986 to 1994. The total biomass of capelin varied considerably during the study period, from 100 000 t in 1987 to 7 300 000 t in 1991 (Anonymous 1997). Spatial analyses were performed according to Fauchald et al. (2000) . Each hierarchical level of patchiness is analysed separately, starting at the largest scale limited by the extent of the study area. The patchiness of capelin is measured as the first-order spatial autocorrelation. In accordance with the model of Fauchald (1999) , we expect that both decreased capelin abundance and decreased capelin patchiness reduce the search efficiency of murres. Furthermore, we suggest that the spatial concordance between murres and capelin at small spatial scales reflects search efficiency directly, while the concordance at larger scales reflects search efficiency indirectly through the profitability of capelin relative to other prey items. We therefore expect that reduced search efficiency concurrent with decreased capelin patchiness and abundance is reflected in a reduced spatial concordance between murres and capelin, irrespective of scale.
MATERIALS AND METHODS
Study area. The Barents Sea is a continental shelf and an important nursery and feeding area for commercial fish species such as herring Clupea harengus, capelin Mallotus villosus and cod Gadus morhua (Loeng 1989) . Three main water masses are found in the Barents Sea (Loeng 1989) : Norwegian coastal water, Atlantic water and Arctic water. The warm and high-salinity Atlantic water is in the south-western part, the low-salinity coastal water is close to the Russian and Norwegian coast, and Arctic water is in the northern and north-eastern part. The polar front is formed in the area where the Atlantic and Arctic waters meet (Loeng 1989) .
Capelin is an important prey for both breeding and non-breeding murres in the area (Belopol'skii 1957 , Furness & Barrett 1985 , Erikstad & Vader 1989 , Barrett et al. 1997 , Fauchald et al. 2000 . Capelin overwinter close to the polar front on the Atlantic side (Gjøsaeter 1998) . In January, maturing capelin start a spawning migration to the coast of northern Norway and the Kola Peninsula, where they spawn in March to April (Gjøsaeter 1998) . After spawning, the majority of the spawning stock dies. The large fluctuations in the stock of capelin in the Barents Sea during the last 2 decades have been attributed to a complex interaction between predation on capelin larvae from juvenile herring (Gjøsaeter & Bogstad 1998 , Huse & Toresen 2000 and variable growth and age at maturity (Gjøsaeter 1998) . Murres are among the most common seabirds wintering in the area ). Both common murres Uria aalge and thickbilled murres U. lomvia are found, but the latter is probably the far most numerous of the two during winter (e.g. Fauchald et al. 2000) . Both species pursue and capture prey items underwater, and are able to dive to depths of at least 100 m (Piatt & Nettleship 1985 , Burger & Simpson 1986 .
Data collection. Observations were made during regular winter cruises conducted by the Norwegian Institute of Marine Research in the Barents Sea during the period January to March from 1986 to 1994 (Fig. 1) . Data from 1993 has been published elsewhere (Fauchald et al. 2000) .
Personnel from the Norwegian Institute of Marine Research made acoustic/trawl survey estimates of the densities of different fish species using standard methods (MacLennan & Simmonds 1992) . On the basis of echo integrator values and trawl hauls every 60 to 75 km, the integrator values were assigned to different fish categories every 9260 m (5 n miles). We used the relative area density, s A (echo density per square nautical mile ≡ 3.43 km 2 ), assigned to capelin as an index of capelin density.
During the acoustic surveys, murres were counted continuously from the bridge (12 m above sea level) while the vessel was steaming at a mean speed of 18.5 km h -1 . All birds seen within an arc of 300 m extending from directly ahead to 90°to one side of the ship were counted. Only birds on the water were included in the analyses. Counts were made during daylight, but were interrupted by bad weather and reduction in the speed of the boat when trawling. Due to short day lengths, the sample size of murre observations was smaller than the sample size of capelin. Common and thick-billed murres are difficult to discriminate, and only those seen close to the ship were identified to species. Of a total count of 31 455 birds, 14 000 were identified, and of these 96% were thickbilled murres. Common and thick-billed murres have been observed feeding on capelin in mixed flocks in the area (Erikstad & Vader 1989) . Both species are therefore treated together and referred to as murres.
Data on sea-surface salinity (SSS) and sea-surface temperature (SST) were obtained from the International Council for the Exploration of the Sea (ICES) database for the relevant time periods. These data [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] were relatively evenly distributed across the study area and are presented as IDW (interpolated distance weighting) maps using ArcView ® GIS software and mean values for each year.
Spatial analyses. Separate nested spatial analyses were made for each year according to the method described by Fauchald et al. (2000) . The method is designed to study patch structures at different hierarchical levels. When studying a structure at a particular scale, the method reduces noise generated from structures at both smaller and larger scales. Aggregating the data at a proper scale minimizes noise generated from smaller-scale structures; using a nested approach minimizes noise generated from larger-scale structures. The number of levels that it is possible to analyze is limited by the resolution of the data and the extent of the study area. The resolution of data was constrained by the minimum scale at which capelin densities was calculated during the surveys. Thus, the analyses at the smallest scale were performed on data aggregated on a spatial scale of 9260 m (5 n miles). The extent of the study area ( Fig. 1 ) constrained the possibility of detecting patterns on a scale larger than about 300 to 400 km. For the analyses at the largest scale we chose to work on data aggregated over 37 km (4 × 5 n miles). As a consequence of these constraints, it was possible to investigate a maximum of 2 levels of patchiness.
First, data were analyzed for large-scale spatial patterns. Data were aggregated (see Fauchald et al. 2000) on a large scale (diameter = 37 km; time window = 6 h), and autocorrelogram analyses were performed on the aggregated data set. As statistics we used Moran's I index (see Legendre & Fortin 1989) . Generally, for a spatial patchy pattern, the first-order autocorrelation is positive and decreases over increasing distances. The x-intercept of the autocorrelation function indicates the characteristic scale of a spatial structure. Because the spatial pattern changes over time, the maximum time lag we allowed when analysing the spatial structure was 10 d (see Fauchald et al. 2000) .
To identify the large-scale structures of capelin, observations with the lowest capelin densities were repeatedly excluded until the first-and/or secondorder autocorrelation for each remaining separate area was low (I < 0.1). The remaining areas were defined as large-scale capelin structures. In cases where no largescale patterns of capelin were found, we removed all continuous areas with zero densities such that only observations with non-zero capelin densities and adjacent observations with zero densities were kept.
Small-scale analyses were performed within the defined large-scale structures by computing the autocorrelation functions within each remaining area with respect to murres and capelin at the finest resolution (9260 m). Only large-scale structures with a sufficient number of observations were included in the analyses. The maximum time lag we allowed for inclusion of data in these analyses was 3 d.
Extreme values are likely to cause erratic and skewed structure functions in the analyses of the spatial distribution of fishes and seabirds (e.g. Maravelias et al. 1996 , Fauchald et al. 2000 . Furthermore, differential ranges in the predictor variable will affect the correlation coefficient. Thus, to keep the densities of murres and capelin within a constant range, we chose to work on relative rank values. Accordingly, for each year, the data were rank-transformed and divided by the sample size before entering the correlogram analyses.
To study the relationship between total density, spatial distribution and overlap between predator and prey, we used the log 10 mean density as an index of total density, the first-order autocorrelation as an index of patchiness, and the first-order cross-correlation as an index of spatial overlap.
RESULTS
Descriptive statistics for the data on capelin and murre aggregated at the minimum scale are given in 282 Table 1 . The distribution of densities of capelin and murres were highly skewed, with a large number of zeroes and a few observations with extremely high values. The mean density of the capelin varied considerably during the 9 yr period ( Fig. 2A) . Maximum capelin density was found in the 1992 survey with mean s A = 231.8, while the minimum was found in the 1987 survey with mean s A = 0.6. The biomass of the Barents Sea capelin stock was estimated on the basis of surveys made each autumn (Toresen et al. 1998) . The mean density of capelin found in this study corresponded well with the total biomass estimates made in the autumn before the surveys (R 2 = 0.87, n = 9, p < 0.001, log 10 -transformed data), and even better with the combined biomass estimates for the autumn before and after the surveys (R 2 = 0.94, n = 9, p < 0.001, log 10 -transformed data). This indicates that our samples were representative of the Barents Sea capelin stock even though the surveys differed both in length and area covered. The mean densities of murres varied less from year to year compared to the mean densities of capelin ( Fig. 2A) . The maximum density of murres was found in the 1986 survey, with a mean density of 8.6 birds km -2 , and the minimum was found in 1988, with a mean density of 0.6 birds km -2
. We found no significant correlation between the mean yearly densities of murres and the mean yearly densities of capelin (R 2 = 0.05, n = 9, p = 0.55. The mean SST (Fig. 2B) indicates a large-scale influx of warm Atlantic water in the period 1990 to 1993. This period coincided with high capelin abundance, but no such relationships were found for the murre abundance.
Large-scale analyses
For all years pooled, we found a large-scale spatial structure of capelin with a characteristic scale of 200 to 300 km; a similar pattern was found for murres (Fig. 3) . There was a positive correlation between the log 10 Large-scale autocorrelation function (mean ± SE, all years) of the ranked density data. The autocorrelation function gives the correlation (Moran's I) between pairs of observations as a function of spatial distance between the observations. Data were aggregated at a scale of 37 km mean density of capelin and the first-order autocorrelation of capelin (n = 9, p = 0.02, Fig. 4A ) and between log 10 mean density of capelin and the first-order autocorrelation of murres (n = 9, p = 0.02, Fig. 4B ). Accordingly, the large-scale pattern of both murres and capelin seemed to be more distinct with an increasing density of capelin. The spatial distribution of capelin together with SSS and SST for 3 years (1987, 1989, 1991) with low, medium and high capelin densities respectively, are plotted in Fig. 5 . Note that 1987 and 1989 were relatively cool years with a low influx of warm Atlantic waters, while 1991 was a relatively warm year with a large influx of Atlantic water (Figs. 2 & 5 ). Capelin were found over a relatively large range of SST (0 to 5°C) and SSS (34.2 to 35.1 ppt), reflecting the migration through different water masses from the areas around the polar front towards the coast of Norway and Russia. However, capelin were only occasionally found in the warm south-western part of the study area. In 1987, low-density areas with capelin were scattered throughout the survey area, and no largescale structure could be detected by the autocorrelation function. There was no overlap between concentrations of murres and capelin (first-order cross-correlation = 0.09).
In 1989 capelin formed a relatively distinct largescale patch close to the polar front. The autocorrelation function indicated a characteristic scale of about 200 km. The autocorrelation function with respect to murres revealed a similar pattern, and there was a close overlap between murres and capelin (first-order SSS is plotted as interpolated surface maps with white areas representing SSS < 34.5 ppt, light gray 34.5 < SSS < 34.7 ppt, medium gray 34.7 < SSS < 34.9 ppt and dark gray SSS > 34.9 ppt. SST is plotted as interpolated isocline maps with temperature (°C) indicated cross-correlation = 0.69). In 1991, a distinct large-scale capelin structure was found close to the polar front. The autocorrelation function revealed a patch structure with a characteristic scale of 200 km. The autocorrelation function with respect to murres was almost identical, and there was a close overlap between murres and capelin (first-order cross-correlation = 0.68). The capelin structures were generally much longer in the west-east direction than in the south-north direction. Because transects ran mainly south-north, and because the large-scale structures were seldom entirely covered by the surveys, the characteristic scales of large-scale structures revealed by the autocorrelation functions are probably under-estimated.
The large-scale cross-correlation increased significantly with log 10 mean capelin density (n = 9, p = 0.02, Fig. 4C) . Accordingly, the overlap between concentrations of murres and capelin increased with increasing capelin density. However, the cross-correlation also increased with an increasing first-order capelin autocorrelation (n = 9, p = 0.03, Fig. 4D ). Due to the covariance between capelin density and spatial pattern, it was impossible to disentangle their effects upon the aggregative response of murres.
Small-scale analyses
We explored the small-scale structures of capelin and murres within the large-scale capelin structures with data aggregated at the highest resolution (9260 m).
Note that we found 2 separate capelin structures in 1993. These structures were separated by a time lag of 10 d, and the last structure had a more southward position (see Fauchald et al. 2000) . As a consequence, these structures are treated as independent observations. Moreover, the sample size with respect to murres was too low to allow spatial analyses of murres in 1 of the patches.
The pooled autocorrelograms for all years are shown in Fig. 6 . Generally, capelin and murre structures had a characteristic scale of about 70 km. There was a tendency of increasing capelin first-order autocorrelation for increased capelin densities (R 2 = 0.34, n = 10, p = 0.08, Fig. 7A ). When 1991 was removed (Cook's distance = 1.2; see SAS Institute Inc. 1990 for a definition of Cook's distance), the correlation became highly significant (n = 9, p < 0.001, Fig. 7A ). We could not detect any correlation between the murre first-order autocorrelation and capelin densities (R 2 = 0.18, n = 9, p = 0.25, Fig. 7B ).
The small-scale spatial distribution of capelin and the autocorrelation function with respect to murres and capelin are plotted for 1987 and 1991 . In the low-density year (1987), we found distinct capelin patches with a characteristic scale of about 50 km and a weak overlap between murres and capelin (first-order cross-correlation = 0.26). In the mediumdensity year (1989), the capelin pattern seemed to be more distinct, with a characteristic scale of about 50 to 60 km. The autocorrelation function with respect to murres was similar to that found for capelin. Cross-correlation revealed a close overlap between murres and capelin (first-order cross-correlation = 0.55). In the high-density year (1991), the small-scale structure of capelin became less distinct. Furthermore, we found no structures with respect to murres, and no overlap between murres and capelin (first-order cross-correlation = 0.04). Note that 1991 was a year with an exceptionally low first-order capelin autocorrelation in the light of the high total capelin density.
We could not detect any correlation between the log 10 capelin density and the first-order cross-correlation (R 2 = 0.18, n = 10, p = 0.23, Fig. 7C ). Accordingly, there was no significant increase in the overlap between murres and capelin for increased capelin densities. However, we found a positive correlation between the first-order capelin autocorrelation and first-order cross-correlation (n = 10, p = 0.04, Fig. 7D ). This indicates that capelin patchiness rather than capelin density influenced the spatial overlap between murres and capelin at the small-scale level.
DISCUSSION
Generally, the spatial distribution of both murres and capelin in the Barents Sea could be described by a hierarchical patch structure. Large-scale patches generally had a characteristic scale of more than 200 km.
Within the large-scale patches, we found small-scale patches with a characteristic scale of about 70 km. These 2 levels of patchiness corresponded with the large-scale (300 km) and medium-scale (50 km) levels found in the 1993 survey by Fauchald et al. (2000) . As a consequence of the low resolution of the capelin data we were unable to explore patchiness at smaller spatial scales. The characteristic scale of the patches seemed to be relatively constant from year to year. However, both capelin patchiness defined as the strength of the first-order autocorrelation and total density varied considerably between years, affecting the aggregative response of murres.
At the large scale, capelin patchiness, murre patchiness and the overlap between capelin and murres 287 Fig. 7 . Mallotus villosus (capelin) and Uria spp. (murre). Small-scale relationships between mean capelin density and capelin patchiness (A), capelin density and murre patchiness (B), capelin density and spatial concordance between murres and capelin (C), and capelin patchiness and spatial concordance between murres and capelin (D). Patchiness is defined as the strength of the first-order autocorrelation (Moran's I), and concordance as the strength of the first-order cross correlation (Moran's I). Data were aggregated at 9260 m and rank-transformed before analysis. Each data point represents 1 large-scale capelin structure (years are indicated) increased with increasing capelin density. In years with low capelin densities, capelin were found scattered throughout the study area. Consequently only weak large-scale structures of capelin could be detected, and, moreover, there was a low concordance between densities of murres and capelin. On the other hand, in years of high capelin densities, we found more distinct large-scale capelin and murre patches, and a close overlap between murres and capelin. As a consequence of the covariance between capelin patchiness and capelin density, it was impossible to sort out which of the two had the largest impact on the aggregative response of murres.
At the small scale we found, similar to the large-scale analyses, that capelin patchiness tended to increase with increasing capelin density. This correlation was however not significant (p = 0.08). We found no significant correlation between murre patchiness and capelin density or between capelin density and the aggregative response of murres. Instead, the aggregative response of murres increased with increasing capelin patchiness, indicating that capelin patchiness was the major factor determining the concordance between murres and capelin. The analyses at the small scale were strongly influenced by the 1991 observations: 1991 was a year with low small-scale capelin patchiness and high capelin density, and we found no overlap between murres and capelin. The lack of overlap at the small scale in this year might have been a result of predator satiation and consequently reduced search effort (e.g. Murdoch & Oaten 1975) . However, 1992 and were years with comparable high capelin densities, and in these years both the capelin patchiness and the overlap between murres and capelin were strong.
In this study we found a close covariance between capelin abundance and patchiness. When capelin abundance was low, there was probably not enough capelin to 'fill up' the large-scale patches, and the possibilities of detecting patchiness at the large scale were consequently low. This effect should be reduced at smaller scales. However, we found the same tendency of increased patchiness for increased general capelin density also at the small-scale level. This contradicts the ideal free distribution (IFD) theory (Fretwell & Lucas 1969 , Sutherland 1983 . When capelin density was high, we would have expected more severe competition within the small-scale patches, and consequently more capelin should have been found outside the patches, resulting in reduced patchiness. This indicates that competition might be a minor factor determining the spatial distribution of capelin during the spawning migration. One possible explanation for the observed pattern might be that the individual risk of predation decreases with increased patchiness at high densities, while at low densities the individual risk of predation decreases with increased patchiness.
Using a model of optimal foraging in a stochastic hierarchical patch system, Fauchald (1999) concluded that the search efficiency of a predator should increase with increasing prey patchiness and prey abundance. The observed variation in the concordance between murres and capelin does not necessarily reflect the search efficiency of murres. This is because the concordance reflects both the search efficiency of predators and the proportion of predators actually foraging on the specific prey item. However, we expect these mechanisms to be interrelated and scale-dependent. At a large scale, we expect predators to be generally associated with their prey (e.g. Rose & Leggett 1990) . Accordingly, we suggest that the large-scale concordance between murres and capelin indicates the proportion of murres actually foraging on capelin, and hence the profitability of capelin relative to other prey items. On the other hand, within the large-scale structures of capelin, we suggest that the small-scale concordance between murres and capelin reflects the search efficiency of murres relative to the escape abilities of capelin (e.g. Sih 1984 , Rose & Leggett 1990 . Generally, capelin patchiness seemed to increase with increasing capelin abundance. Accordingly, the spatial distribution of capelin was more structured under high abundance, possibly increasing the search efficiency of murres. We therefore propose that when capelin abundance was low, murres found it difficult to find sufficient capelin concentrations and, as a consequence, switched to other prey items. The effect of capelin patchiness on murre search efficiency is further supported by the fact that capelin patchiness was the major factor explaining the concordance at the small scale.
A number of studies have suggested that seabirds generally aggregate in areas where oceanographic conditions tend to increase the densities of prey (e.g. Decker & Hunt 1996 , Hunt et al. 1998 , Mehlum et al. 1998 . Most studies on these relationships have been done during the breeding period, when the birds are limited by their duties in the colony . For example, in a study from the Bering Sea, Decker & Hunt (1996) found elevated densities of murres in frontal regions, but no significant relationship between murres and acoustically determined biomass. They proposed that murres restricted their foraging to frontal regions because prey can be located more predictably within these areas. Similarly, Mehlum et al. (1998) found a close relationship between murres breeding at Bjørnøya in the Barents Sea and the polar front. During the spawning migration of capelin in the Barents Sea, the maturing fish migrate through a spectrum of different oceanographic conditions from polar front water-masses through more Atlantic waters and finally spawn in coastal waters. During this period murres are not restricted by activities in the breeding colony and may actively follow the migration of prey. The timing and general climate of the Barents Sea might give some clues as to where to find the large-scale capelin patches (Gjøsaeter 1998) . However, we suggest that in years when murres actively foraged on capelin, they tracked capelin patches along the migration path, possibly using a hierarchical search strategy (Russell et al. 1992 , Fauchald 1999 , Fauchald et al. 2000 . In the years of low concordance between murres and capelin, however, murres might have used a more opportunistic strategy by visiting spatially predictable areas where specific oceanographic features increase the possibility of finding prey. This suggests that in certain periods murres may track highly profitable prey items such as capelin with a more or less unpredictable and dynamic spatial distribution, while in other periods they may switch to become a generalist preying on a diverse group of prey that are either passively or actively congregated in predictable areas with specific oceanographic features. Studies on the diet of murres in the Barents Sea during the breeding period have indeed shown a diverse group of prey items (Barrett et al. 1997) , indicating that murres may utilize a large range of prey items. In a study on the diet of seabirds collected in the Barents Sea during winter 1987, Erikstad (1990) found a diverse diet consisting of cod, polar cod Boreogadus saida, redfish Sebastes spp. and crustaceans in the stomach of 24 thick-billed murres. The murres collected were relatively lean, indicating that low capelin abundance and switching to other prey items might involve an energetic cost. When alternative prey is scarce, a low abundance of capelin will have detrimental effects upon murres. Indeed, the crash in the capelin stock in the mid-1980s was probably a major factor causing mass starvation and breeding failure of common murres in the area, while thickbilled murres were relatively unaffected ). However, switching to other prey items also suggests that the proportional predation on capelin in the years of low capelin abundance was low, resulting in a stabilizing predator-prey interaction (e.g. Murdoch & Oaten 1975) .
In conclusion, we have demonstrated a close relationship between capelin abundance, capelin patchiness and the aggregative response of murres in the Barents Sea. Both capelin patchiness and the aggregative response of murres decreased with decreasing capelin abundance. As suggested by Fauchald (1999) , both reduced patchiness and abundance might reduce the search efficiency of a predator foraging in a stochastic hierarchical patch system. With respect to capelin, both factors work in concert and may therefore force predators to switch to other prey items under low capelin abundance.
